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SUMMARY

Interferograms were taken of the flow around a sphere at Mach num-
bers of 1.30 and 1.62. The results of the evaluation of these inter-
ferograms are shown as plots of contours of constant density ratio in
the flow field around the sphere and as the distribution of flow vari-
ables along the axis of symmetry between the shock wave and the sphere.
In appendixes the theory of the analysis 1s reviewed, sources of error
are discussed, and the detailed procedure used in the evaluation of the
interferograms is described.

INTRODUCTION

One of the flow problems currently receiving attention is that of
the flow behind detached shock waves. The present paper gives experi-
mental data on the flow behind the detached shock waves on a sphere.
These data consist principally of density distributions around spheres
and were obtained for two supersonic Mach numbers by analysis of inter-
ferograms. Previous investigations of axially symmetric flow by inter-
ferometry can be found in reference 1.

For the convenience of those interested in the application of
interferometry to the study of axislly symmetric flow fields, the
symbols used are given in appendix A and the theory of the analysis is
reviewed in appendix-B, A discussion is given in appendix C of the
sources of error and the accuracy of the results obtainable from inter-
ferograms of axially symmetric flow. (This discussion is somewha:
similar to those given in references 1 and 2.) Because reasonable
accuracy in the results requires that much care be taken in measuring
end in plotting fringe shifts, a detalled description of the computa-
tional procedure that was used to obtain the final results is given in
eppendix D. A table of the coefficients for 50 zones for use in the
VWeyl method of evaluatlion has been calculated and is also given.
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APPARATUS

The test setup consisted principally of a supersonic-Jet apparatus
that gave a 3-inch-square free jet and an interferometer with U4-irich-
square plates. This apparatus has been described in reference 3. The
only change in the apparatus was a change in the film magazine to permit
the use of TO-millimeter film rather than the 35-millimeter size previ-
ously used. Two different Mach numbers were obtained by using two
supersonic nozzles similar to those described in reference 3., The test
model was a steel sphere 1/2 inch in diemeter that was supported from
behind by a sting 1/8 inch in dismeter.

RESULTS AND DISCUSSION

Interferograms

An interferogram that showed the undisturbed fringes in the test
section was taken with no flow (fig. 1) and then an interferogram of .
the flow around the sphere at Mach number 1.30 was taken (fig. 2). The
same procedure was followed at a flow Mach number of 1.62; the no-flow
interferogram is shown in figure 3 and the flow interferogram, in fig-
ure 4. Cross sections were drawn on the flow interferograms perpendicu-
lar to the exis of symmetry. The variation of density along each cross
section was then obtained by the method described in appendixes B and D.
A plot of the ratio of density along the cross section to free-stream
density was made for each cross section.

Density Distributions

The plots of density ratio along the cross sections were used for
plotting contours of constant density ratio in the flow field around
the sphere. Experimental points taken from the unfaired plots of den-
sity ratio are shown in figure 5. The curves that are shown are faired
through these points.

The method of analysis of the interferograms that was used has the
disadvantage that the results obtained are inaccurate in a smell region
immediately behind a discontinuity in the density. (The reason for the
inaccuracy is explained in appendix C.) Because of this inaccuracy 'in
the results immediately behind the shock wave, points on the plots of
density ratio that were near the shock wave and that were obviously in
error were not included in figure 5. For each contour in figure 5,
therefore, a small region adjacent to the shock wave exists in which
experimental points have not been obteined. The density contours have
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not been extended through this region to the shock wave, On the shock
wave, however, the correct location of the intersection of each contour
with the shock wave has been indicated. The locations of the inter-
sections were obtained from the equation for the density ratio across a
two~-dimensional oblique shock wave with use of measured slopes of the
shock wave.

The magnitude of any systematic errors in the contours shown in
figure 5 is not known. The uncertainty in the location of the contours,
aside from any systemetic errors, is believed to be not larger than plus
or minus approximately one-half the distance between adjacent contours.

Flow Variables along Axis

The distribution of the flow variebles along the axis of symmetry
is of interest. The region of the axis is, however, a region of rela-
tively large error. In order to obtain what are thought to be the best
values of density ratio along the axis, the values at the axis, obtained
by fairing the plots of density ratio for each cross section, were used
to plot the variation of density ratio along the axis between the shock
wave and the sphere (fig. 6). Immediately behind the normsl part of the
shock wave, the density ratio is well-known from the Rankine-Hugoniot
relations. At the nose of the sphere, the correct value of the stagna-
tion density is also known. These theoretical values were used in
fairing the curves shown in figure 6 through the experimental points.
The density ratios along the axis given by the faired curves have also
been converted to ratio of static pressure to stagnation pressure
(fig. 7). The distribution of density ratio along the axis has also
been converted into the distribution of Mach number shown in figure 8.
(The stagnation temperature for the free-stream Mach number of 1.30
was 524.4° F abs. and for Mach number 1.62 was 533.1° F abs. The free-
stream density for Mach number 1.30 was 0,.003215 slug/cu ft and for
Mach number 1.62 was 0.003501 slug/cu ft.)

The variation of density ratio along the surface of the sphere for
Mach number 1.62 is shown in figure 9. The experimental points were
taken from the plots of density ratio along each cross section.

CONCLUDING REMARKS

Experimental data on the flow around spheres at supersonic speeds
have bBeen presented. Although greater accuracy in the data would be
desirable, the data given herein’are accurate enough that they should
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be of use in checking and evaluating theoretical treatments of the
problem of predicting the flow behind detached shock waves.

Langley Aeronautical Laboratory
National Advisory Committee for Aeronautics

Langley Air Force Base, Va., June 12, 1950
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APFENDIX A

SYMBOLS

radius of first zone

coefficient

axial distance fram center of curvature of shock wave
number of zone at which density is required

zone number

disténce through test section or through disturbance
Mach number

number of outermost zone

index.of refraction

pressure

radial distance from axis of symmetry

radius

fringe shift per unit fringe width

temperature

o

value of v for which density is.required
Cartesian coordinate in direction of undeviated light ray

Cartesian coordinate perpendicular to light ray and to free-
stream flow direction

zone width

retio of specific heats
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K Gladstone-Dale constant
Mo wavelength of -1light in vacuum )
v difference between index of refraction at point .r and
reference index of refraction
p density
pref reference density
¢ angle between ray and normasl to surface
Subscripts:. ‘ i
s stagnation
0 free stream
1 unrefracted ray; also, correct value
2 refracted ray; also, approximation to correct value
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APPENDIX B
ANALYSIS

The problem is to determine the density from the known fringe
shift, For the two-dimensional case, where the density is not a func-
tion of x, the relation between fringe shift and density has been
shown in reference 3, for example, to be

= £ -
S = k’oE(y) pre:EZl L

For the three-dimensional case, where the density is a function also
of x, the fringe shift at any point on the interferogram is the sum-
mation of the shifts produced in each element of path of the ray of
light. If the assumption is made that the density distribution is
exielly symmetric, then p is a function of r alone. If the addi=
tional assumption is made that, within the disturbance, the light ray
does not deviate from a straight line that is parallel to the x-axis,
then the relation between fringe shift and density is .

(1)

| BBl

Three methods of handling equation (1) have been proposed. The
earliest is that which is discussed by Schardin (reference L4). 1In this
method, the disturbance is divided into zones, as shown in figure 10,
vhere a zone is the region between two adjacent concentric circles.
(The zone between circles i and i + 1, for example, is referred to
in the present analysis as zone .i.) The assumption is then made that
the density is constent in each zone. The resulting equation, which is
thus an approximation to equation (1), can be solved for p(r).

In the second method, which was introduced by Van Voorhis (refer-
ence 1), the value of the quantity p(r) - Prer 1n each zone is assumed

to be a linear function of the radius r of the zone. The resulting
equation, which is thus also an approximation to equation (1), is
solveble.

In the third method, which was introduced by Weyl (reference 2),
equation (1) is solved exactly for p(r) - Prep and the resulting
definite integral is approximated by assuming that in each zone the
fringe shift is a linear function of y2. First the variables
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and

v = nEJ(r) - pref:|

are substituted into equation (1) to give the equation

”v(v! av
sa) = 51 [

This integral equation is the same as Volterra's Integral equation of
the first kind except that the limits of integration differ from the
Volterra equation limits of O and u. This equation can be solved

in a menner similar to that used for solving Volterra's equation (refer-
-ences 2 and 5). The result is

v(w) =_l‘9f°°£(3l_@3
T Jw WIfT?F .
where the prime indicates differentiation with respect to u. This

resulting integral can be computed by breaking the integral into steps,
one step for each zone, and by assuming that in each zone the fringe

shift S(u) is & linear function of wu, where rie Suc< ri+12. Then

A Uyl Ukl gt
Vi -: 8'(u) du du+...+f stu) du |
ui \/E -ui uk Ju -ui

Skl - Sk

J-1 Ukt uk+1 Ul - Uk

'>~o
b13

u -1u

k=1 i

du

N
2hg Sk+1 - Sk
= - i (¢“k+l - g\ - Uy .

T =T YR+l T Yk

5
_ 2 8= \/rk+l - \/ k Ty
2ot (o, s,
= et - T
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For zones of equal width z,
I‘i=iZ

and

25, N- 2 _ ;2 _ _ 32
Vi = = (5x - Sxaa) Yo + 2) o 1\/k2 - (2)

Equation (2) is an approximation to the solution of equation (1) and
is the relation that was used for computing the results given in the
present paper.

The coefficients

=\/(k F1)2 - 42\ 42
b,1 o2k + 1 :

for 50 zones were calculated by the Bell Telephone Laboratories
X-66Th4 relay computer at the Langley Laboratory and are given in
table I. -

) The situation may arise that would make desirable the use of more
then 50 zones. Because the number of coefficients is approximately
equal to half the square of the number of zones, a large number of coef-
ficients would have to be calculated. A method has been devised in
which the number of coefficients is equal only to the number of zones
and each coefficient is also easier to calculate, The idea is to use
zones not of equal width but of radius proportional to the square root
of i,

r = a\i
Z=Ti41 - T4
=a(\yi +1 - 1)

where a 1is the radius of the first zone. Then

vy = — (Sk-Sk+l)(\/k-i+l-\[k-i)




10 NACA TN 2173

The coefficient is a function only of k - i, which ranges in value

from O to N - 1. Therefore, only N coefficients need be calculated,
rather than N2/2. This new method wes not used in the calculations for
the present paper but is mentioned because of its possible value in

. future calculations.
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APPENDIX C
SOURCES OF ERROR

The purpose of the present section is to consider some of the
sources of error inherent in the application of equation (2). Equa-
tion (2) can be used for determining density distribution with suffi-
cient accuracy only if the following conditions are sufficiently well
satisfied: . ’ ‘

(a) The index of refraction of the gas varies linearly with density

(b) A reference density at some point in the field of view of the
Interferometer can be determined v

(c) The disturbance is rotationally symmetrical about an axis that
is known

(d) The light beam is not refracted

(e) The veriation with y of fringe shift S(y) for a cross
section of the disturbance perpendicular to the axis of symmetry is
known

(£) The variation with u of fringe shift S(u) can be replaced
by a series of straight lines

As far as is known, condition (a) is always sufficiently well
satisfied by air., Whether condition (b) is satisfied at all is gener-
ally determined by the experimental setup. For the present investiga-
tion the reference density was the free-stream density. For determining
the free-stream density, the value of the stagnation temperature was
measured at the instant the interferogram was taken. The Mach number
given by the nozzle was known from a previous calibration described in
reference 6. The free-stream temperature was then calculated from the
relation

Ts y - 1
T'=l+ 5 M2

Then the free-stream density was computed by the general gas law under
the assumption that the free-stream static pressure was equal to the
ambient atmospheric pressure, which was measured. The determination of
free-stream density is, of course, subject to some degree of uncertainty.
The error in free-stream density is estimeted to be not greater than

3 percent, and the probable error is estimated to be about 1 percent.

m e o e e s e e e = M e e e i e
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Condition (c) is assumed to be satisfied for the part of the flow
field that is behind the shock wave and ahead of the most upstream part
of the intersection of the-shock wave with the mixing region at the
edges of the jet. Because the shock wave is axially symmetric and the
Jet is square, as soon as the shock wave reaches the edge of the Jjet,
condition (c) is no longer satisfied.

Condition (d), that the light beam is not refracted, is usually
sufficiently well satisfi€d in rotationally symmetric flow. (The only
place the effects of refraction are likely to be large is in boundary
layers in two-dimensional flow.) That the effect. of refraction on
fringe shift and on calculated density was fairly small in the present
case was determined by calculating the effect.  The.purpose of the
calculation was not to make a precise analysis of the effects of refrac-
tion but to determine approximately -the magnitude of the effect on cal-~
culated density in the region where the effect was lergest. That region
is at *the nose of the shock wave. Certain assumptions that greatly
gsimplified the analysis were therefore Justified. The assumption was
made that the region behind the nose of the shock wave was a spherical
region of constant density. When a ray of light impinges obliquely on
a region of greater density, the ray is refracted and emerges at a
place different from the place it would emerge if not refracted. The
optical path length is, therefore, changed by the refraction. Because
of the change in optical path, the fringe shift produced by the ray is
also changed. Figure 11 shows the ray of light entering the sphere .
at Pj and leaving at Pp. Only a meridian plane, defined by the ray
and the center o6f the sphere, need be considered. The geometrical path
length without refraction is 15 and with refraction is Ip .

Ll = 2R cos ¢l
= 2R\)E - sin2¢l
L, = 2R cos fp
= ER\E - sin2¢2
sin @) = %

and, inasmuch as

7y sin f, =0 sin @)
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then

Therefore,

/o (9)2

The value of nj outside the sphere (in the free stream) is 1.000k4 at
Mach pumber 1,62, The density within the sphere is assumed to be twice
that outside the sphere. Then, because n - 1 is proportional to the
density, the value of no inside the sphere is 1.0008. The ratio of np
to nj is 1.0004, The values of Lp/Ly for various values of. d/R

are shown in the following table, together with the percentage error in
the fringe shift. The corresponding values of distance behind the nose
of the assumed sphere of constant density, expressed in terms of the
distance between the nose of the shock wave and the nose of the sphere,
are shown in the last column of the table,

(Le)e t- (E%;)e

Error in Percent of
a/R LQ/il fringe shift, distance from shock
. percent wave to sphere
0.995- 1.039 3.9 3
.990 1.019 1.9 5
.980 1.010 1.0 11
.960 1.005 5. 22
940 1.003 .3 32
+920 1.002 .2 43

The velues of the radius of curvature of the shock wave at its nose,
2.9 times the radius of the model, and of the axial distance between
the shock wave and the model, 0,56 times the radius of the model, were
taken from reference 6.

The effect of refraction is seen to be smell except immediately
behind the shock wave. There, however, the error due to refraction may
still be relatively unimportant because at the seme place there may be
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a larger error due to the "overshooting" in the computed density that
occurs immediately behind a discontinuity in the density, such as exists
at a shock wave. (The overshooting is explained subsequently in the
discussion of condition (f).) .

Whether condition (e) is sufficiently well satisfied for the com-
puted value of density to lie within given limits of uncertainty depends
on a number of factors. A relation that gives the effect of some of
these factors is derived. Figure 10 shows a cross section of the flow
field divided into concentric zones. A typical ray of light is shown
traversing the field. The inmermost zone through which this ray travels
is designated zone 1i. The assumption is then made that, for this ray,
the fringe shift due to the density outside of zone 1 is accurately
known. The problem is to determine how much error in the fringe shift
at y =1 can be tolerated for a given uncertainty in the determination
of the density at the same place. Let 817 be the correct wvalue of

fringe shift at y =i and Si2 the approximation to Sil‘ The error
in fringe shift is ’

AS = Sj_l - Sj_2

From the definition of v and equation (2),

Vil = K(Pl = pref)
2, (
=5z Sk - Sk+1)l Ax,1
=1 ?
Vip T "("2 - °ref)
2n, Nl
== (Sk - Sk+l)2 A1
k=1

Then, because all the fringe shifts from k=1 +1 to k=N -1 are
assumed to be accurately known and are the same for both case 1 and
case 2,

Ap:pl-pz

2hq

o B5 Ay (3)
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Equation (3) can be used to calculate the accuracy with which fringe
shift must be known for determining density within specified limits.

The equation is used herein to investigate the effect of error in
the value of the fringe shift on the value of the density for a sample
case. A square density distribution as shown in figure 12 is assumed.
The corresponding fringe-shift curve is also shown. The assumption is
made that this fringe-shift curve is known to £0.001. From this fringe-
shift curve the density distribution is- in turn recalculated. The
result is the solid curve that peaks at zome 24, The overshooting that
occurs at the discontinuity in density is not the result of the uncer-
tainty of 0.001 in the fringe shift at each zone but is caused by fail-
ure of condition (f) to be satisfied and is discussed subsequently.

For comparison, the assumptions are also made that the fringe shift

is 0.02 too high at every zone and also that the fringe shift 1s 0.02
too low at every zone. The density distributions calculated under these
assumptions are not shown in figure 12 since they are- almost indistin-
guishable from each other and also from the density distribution
obtained under the assumption of an uncertainty of 0.001.

Equation (3) is now applied and is found to give, at zone 15, for
AS = 0.02, a'value of Ap of 0.0001k4 slug per cubic foot. The actual
value of Ap 1is 0.00001 slug per cubic foot. For this case, therefore,
equation (3) gives a very conservative estimate of the error in density.

Applying equation (3) to a case where it will give the least con-
servative estimate of error 1s desiraeble. The largest error in density
occurs when the error in the fringe-shift curve is an oscillating one
that changes sign at each zone. The density distribution obtained
under this assumption of fringe-shift error is shown by the oscillating
curve in figure 12 for |AS| = 0.02. At zone 15 the error in density
is 0.0001 slug per cubic foot. This value is to be compared with the
value 0.0001ll4 slug per cubic foot calculated by equation (3). Equa-
tion (3), therefore, appears to be a good approximation in this case,
which is one that simulates those that occur in actual practice.

Satisfying condition (e), that is, obtaining fringe shift with
sufficient accuracy, is perhaps the most difficult requirement to meet
in obtaining density distributions in three-dimensional flows. Because
equation (3) so clearly illustrates the difficulty, the equation is
used in another example to show how accurately the fringe shifts must
be known for the density to be determined accurately. A typical posi-
tion in figure 5(b) is chosen and the requirement is made that the
density be obtained within 1 percent. A position is chosen gbout midway

e e et e et e e ——— - — . .- ————
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along the contour on which the ratio of density to free-stream density
is 2.0. For this position,

Ao = 5.1T X 1072 centimeters
z = 2,3 X 1072 centimeters
k = 0.1167 cubic foot per slug
i=2k '
Ay 4 = 0.1k
p = 0.0076 slug per cubic foot
Np = 0,.0000T7 slug per cubic foot

Then, by equation (3),
AS = O:Oh

In the present investigation, fringe shifts could generally be deter-
mined with spproximately twice this amount of uncertainty, or AS X
approximately equal to 0.1, for the interferogrem of the flow at Mach
number 1,62. For the interferogram teken at Mach number 1.30, howeve:x
the fringe shifts were somewhat more uncertain than for the other inte:
ferogram. The model 1s farther from the end of the nozzle, and turbu-
lence in the mixing regions on the two sides of the Jjet through which
the light passes causes apprecieble irregularities in the fringe petter

That the effect of shrinkage of the film during development was
negligibly small was found by photographing a transparent scale.
Furthermore, by enlarging photographs of a scale, it was found that dis-
tortions introduced by the lens of the enlarger were also negligibly
small,

Condition (f) is that S(u) cen be replaced by a straight line in
each zone. Weyl has shown (reference 2) that this condition is suffi-
ciently well satisfied everywhere except in zones in which the rate of
change of S'(u) is large, that is, where the second derivative
of 8(u) bhas large absolute values. At shock waves the second deriva-
tive of S(u) is very large. The result is that condition (f) is
grossly violated and the calculated density overshoots at shock waves.
At other places where the second derivative is large, but not so large’
as at shock waves, condition (f) can, by the use of smaller zone widths,
generally be sufficiently well satisfied in that the error due to
violation of condition (f) is acceptably small.
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APPENDIX D

COMPUTATIONAL PROCEDURE

The negatives of the interferograms were about lé-inches in diame-

ter. Prints were made in which the negatives were enlarged about
16 diameters and these prints were used for all measurements.

The computetional procedure used is as follows:

The exis of symmetry was drawn on each interferogram. On each no-
flow interferogram the fringes were numbered arbitrarily. A cross sec-
tion was drawn perpendicular to the axis of symmetry and the position
of each fringe was measured along the cross section. Then fringe number
was plotted as a function of position. A large scale that will permit
reading the curve with the required accuracy had to be used.

On the flow interferograms, lines perpendicular to the axis of sym-
metry were drawn. These lines were spaced about 1/10 inch apart and
denoted the cross sections along each of which the fringe shift was to
be measured. Again the fringes were arbitrarily numbered and the posi-
tions of the fringes were measured along each cross section. The posi-
tions of both the black and the white fringes were measured, because on
part of the interferogram the fringes run almost parallel to the cross
sections and the number of points is, therefore, less than is desirable.

The next step was to determine the fringe shift at each measured

point on each cross section. The position of each fringe is known. The,

position of the disturbed fringe was used in the previously mentioned
plot of fringe number as a function of fringe position to determine the
number of the undisturbed fringe at that position. Then the number of
the undisturbed fringe was subtracted from the number of the disturbed
fringe to give the fringe shift,

Because the fringes had been arbitrarily numbered, all fringe
shifts were adjusted by the amount necessary to mske the undisturbed
fringe at the same location in both flow and no-flow interferograms
have the same number. This adjustment is tantamount to numbering the
fringes on either the flow or the no-flow interferogram not arbitrarily
but in such a way that the same number is given to the same position in
the undisturbed portion of both interferograms.

Because the free-stream density was to be used as the reference
density in computing density distribution around the sphere and because
the fringe shift must be assumed to be zero for the reference density,
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the fringe shift in the free stream had to be determined and subtracted

from all other fringe shifts. The fringe shift in the free stream was

determined from the free-stream density which was calculated as described .
in appendix C.

A cross section in the free stream was chosen as giving the posi-
tions of the reference fringes. The fringes in the free stream were
at a slight angle to the axis and, therefore, to the cross sections
which were drawn perpendiculer to the axis. This tilt of the free-
stream fringes has an effect on the fringe shifts measured along each
cross section in that it causes them to be different by an amount that
is proportional to the tengent of the angle of tilt and to the distance
of the cross section from the reference cross section., Proper adjust-
ment of the measured fringe shifts along each cross section was made to
eliminate the effect of the tilt. )

The next step was to plot fringe shift as a function of position.
Here again, care must be taken to use a sufficiently large scale. The
plot was then divided into zones, with the zeroeth zone at the axis of
symmetry. Zone width is generally determined by a number of factors.
Equation (3) shows that the greater the zone width the less the error
in density due to violation of condition (e). On the other hand, the
greater the zone width, the smaller the number of zones, the less well
condition (f) is satisfied, and the smaller the number of experimental .
points that will be obtained. A compromise in zone width is, therefore,
necessary. For the present investigation, the cross sections were
separated into groups of nine each. The seme zone width was used for
all cross sections in a group and was such that the longest cross sec-
tion in each group was divided into 50 zones.

The next step was to read the fringe shift at each zone and then
to determine, by subtracting, the change in fringe shift between adja-
cent zones. This last quantity is the quantity Sy - Sy,; that is

used in equation (2) for calculating v. The computations were made by
the Bell computer. ZFrom the velues of v +the values of the ratio of
the density to the free-stream density were computed. These values were
used to obtain a plot of the density ratio against zone number for each
cross section. A typicel plot is shown in figure 13, which is for a
cross section that is about three-fourths of the way between the nose
of the shock wave and the nose of the sphere.

The plot for each cross section has two regions where the inac-
curacy or uncertainty is greater than for the rest of the curve. One
of these regions is at and near the shock wave. There the inaccuracy
is caused by failure to satisfy condition (f), and the result is over-
shooting or undershooting at the shock wave. (In fig. 13 the shock wave
is at zone 43 and the correct density ratio behind the shock wave is 1.77.) .
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The density ratio across a shock wave is known, however, from well-
established theory. The correct values of the density ratio behind the
shock wave, therefore, can be shown on the plots of density ratio. The
other region of relatively large inaccuracy is at and near the axis of
symmetry (zones O to 5 in fig. 13). That the region of the axis is a
region of relatively large inaccuracy can be seen from equation (3),
which shows that the uncertainty in density is proportional to the coef-
ficient Ai,i' The coefficient Ai,i can be seen from table I to be

larger for zone O, which 1s at the axis of symmetry, than for any other
zone. Unlike the other region of relatively large inaccuracy, however,
for which the density ratio immediately behind the shock wave is known,
the density-ratio distribution along the axis of symmetry is not kmown
from theory.
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Figure 10.~ Concentric zones in disturbance.
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Figure 11.- Refraction of light ray by sphere.
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